Abstract. Research on hybrid electric vehicle (HEV) which combined battery based electric motor and conventional internal combustion engine (ICE) have been intensively increased since the last decade due to their promising solution that can reduce global warming. Some examples of electric motors designed for HEV propulsion system at present are dc motor, induction motor (IM), interior permanent magnet synchronous motor (IPMSM) and switched reluctance motor (SRM). Although IPMSMs are considered to be one of the successful electric motor used in HEVs, several limitations such as distributed armature windings, un-control permanent magnet (PM) flux and higher rotor mechanical stress should be resolved. In this paper, design improvement of E-Core hybrid excitation flux switching motor (HEFSM) for hybrid electric vehicles (HEVs) applications are presented. With concentrated armature and field excitation coil (FEC) windings, variable flux capability and robust rotor structure, performances of initial and improved 6S-14PE-Core HEFSM are analyzed. The improved topology has achieved highest torque and power of 246.557Nm and 187.302 kW, respectively.
Introduction
An emphasis on green technology is greatly demanded of modern cities. The significant growth of today's cities has led to an increased use of transportation, resulting in increased urban pollution and other serious environmental problems that cause the greenhouse effect, which in turn leads to global warming. Gases produced by vehicle should be controlled and proactive measures should be taken to minimize these emissions [1] [2] . In response to concern the environmental problem the automotive private industry such as Toyota and Honda has introduced hybrid cars that minimize the use of combustion engines by integrating them with electric motors [3] . The greatest challenge in research activities today is developing near zero-emission powered vehicles with optimum driving comfort. Electric vehicles powered by renewable energies offer a possible solution because they only emit natural by products and not exhaust fumes, which improve the air quality in cities and, thus the health of their populations [4] .
Currently, an example of successfully developed electric motors for HEVs is interior permanent magnet synchronous motor (IPMSM) using rare-earth PM [5] [6] . However, IPMSMs installed in HEV have some drawbacks such as (i) three-phase distributed armature windings which results in much copper loss and high coil end length (ii) mechanical stress of rotor depends on high number of PM bridges (iii) complex shape and structure which are difficult to perform design optimization (iv) constant flux from PM. In order to avoid such weakness, a new 6S-14P HEFSM with concentrated armature windings, robust rotor structure suitable for high speed applications, much simpler shape, and controllability of PM flux by DC-FEC is identified and selected as alternative candidate for HEV drive system [7] .The proposed motor has a simple structure and it is expected to provide much higher power density and torque [8] . Performances of 6S-14P E-Core HEFSM are analyzed in this paper in effort to establish the optimal performances. The motor is operated based on the principle of switching flux and to describe machines in which the stator tooth flux switches polarity following the motion of a salient pole rotor.
Design Specifications and Restrictions of the Proposed Machine
The main geometrical dimensions of the designed E-Core HEFSM are identical with IPMSM used in conventional electric vehicle in which the stator outer diameter and stack length are set to 132mm and 70mm, respectively. Fig. 1 shows the initial and improved design specification of 6S-14P E-Core HEFSM. The electrical restrictions related with the inverter of maximum 650V DC bus voltage and maximum 360V inverter current are set. The limit of the current density is set to 30A rms /mm 2 and 30A/mm 2 for both armature winding and DC-FEC, respectively. Additionally, the PM weight is limited to maximum of 1kg where Neomax35AH is used as PM material while the electrical steel 35H210 is used for the stator and rotor body. The rotor structure is mechanically robust to rotate at high speed because it consists of only stacked electromagnetic sheets and hence, it is highly possible to elevate the target maximum operating speed elevated up to 12,400r/min while keeping enough rotor mechanical strength. The weight of motor to be designed is less than 3.5kg, resulting in that the proposed machine promises to reach the maximum power density of 3.5kW/kg similar with the available and estimated specifications with IPMSM.
Design Parameter and Procedures
Primarily, drive performances of E-Core HEFSM are calculated by using 2D-FEA. The maximum torque and maximum power obtained are 177Nm and 49.31kW, respectively. To satisfy the requirements, design free parameters D1 to D9 are identified in rotor and stator part [9] . The rotor parameters consist of outer rotor radius (D1), rotor pole depth (D2) and rotor pole width angle (D3). PM width (D4) and the PM height (D5) are included in PM slot shape parameters while for the DC-FEC slot parameters consist of DC-FEC depth and width, (D6) and (D7) correspondingly. Finally, the armature slot parameters are classified as armature depth (D8) and armature width (D9).
The initial step is carried out by updating the parameters of rotor while keeping D4 to D9 constant. D1which considered as the dominant parameter to expand the torque is firstly treated, where the maximum torque is obtained at D1 of 98mm. Then, both D2 and D3 are varied by selecting D1 at maximum torque, until the improved torque and power are achieved. The torque is maximized when D2 is 23mm and D3 is 14.9mm. The next step is done by changing the PM slot parameters which is D4 and D5 while keeping D1 to D3.At the same times, the DC-FEC slot parameter D6 and D7, and armature coil slot parameter D8 and D9 are fixing to constant. The fluxes become saturated when D6 and D7 is 24mm and 17mm respectively. The necessary armature slot area S a is determined by varying D8 and D9 to accommodate integer number of turns, N a for armature coil. The optimum torque obtained is 246.557Nm with optimum power is 187.302 kW and well balanced when Na is 12 turns, D8 is 24.45mm and D9 is 11.76mm, correspondingly. The improved design shown in Fig. 1(b) has successfully achieved the maximum power of more than 123kW. On the other hand, other suitable design modificationsin term of consideration on flux path and flux cancellation will be conducted in future to achieve the target maximum torque of 333Nm. 
Performances of Initial and Improved design 6S-14P E-Core HEFSM
Commercial FEA package, JMAG-Studio ver.13.0, released by JRI is used as 2D-FEA solver for 6Slot-14Pole E-Core HEFSM design.Performance characteristics in open circuit such as coil arrangement test, hybrid excited flux characteristics, cogging torque, flux distribution, torque and power versus speed characteristic are analyzed in this 6Slot-14Pole design. Fig.2 and Fig.3 demonstrate the comparison between back-emf and cogging torque of the initial and improve design 6Slot-14Pole E-Core HEFSM, correspondingly. It is clear that, the back emf waveform of the improve design is more sinusoidal and the amplitude is much less by approximately 24.08% from the initial design. Consequently, it is expected that the improve 6Slot-14Pole design will easily be protected from the switching devices when the inverter is in failure mode condition. Unfortunately, the cogging torque of the improved design is increased double than the initial design due to much higher flux flows to the rotor part of the machine. Reduction of cogging torque by using skewing technique will be conducted in future to increase the performance of machine due to low vibration and noise. The comparison of the improved torque and power factor versus DC-FEC under maximum J e of 30A/mm 2 for the initial and final design 6S-14P E-Core HEFSM is depicted Fig. 4 . From the figure, the torque of the improved design 6Slot-14Pole E-Core HEFSM increased up to 42% of the original design. Moreover, the power factor of the final design is also increased by 23% from the original design. From Fig. 4 , it is obvious that the torque will increase when increasing the armature current density but power factor of this design will reduce. The torque versus speed In the figure, the blue line depicts the torque curve of the improved design 6Slot-14Pole E-Core HEFSM while the red line illustrates the torque of initial design. It is obvious that the improved design has better torque condition and produced much higher torque capability in high speed region compared to initial design of 6Slot-14Pole E-Core HEFSM. Meanwhile, Fig. 6 illustrates the power versus speed characteristics of the improved and initial design E-Core HEFSM. From the graph, it is clear that the improved design has achieved the target power of more than 123Nm.
Conclusion
In this study, design optimization and performance analysis of 6Slot-14Pole E-Core HEFSM with 1.3kg for traction drive in HEV have been presented. The design refinements by using deterministic design process approach to bring out the maximum performances of the machine to achieve the target specifications are clearly demonstrated. In conclusion, the torque of the improved design 6Slot-14Pole E-Core HEFSM has been increased up to 42% of the original design while the power has been successfully achieved.
